T h e toad bladder has proven itself useful as a model tissue for the study of the mechanism of action of hormones important in the regulation of salt and water transport in the human kidney. In the intact toad the bladder serves as a reservoir from which water can be reabsorbed in response to dehydration or injection of vasopressin. The transparently thin tissue can be dissected from the animal and mounted as a sheet between two lucite half-chambers in vitro. It will survive in a simple inorganic Ringer's solution for hours in such a chamber and can be shown, by the techniques of Ussing and Zehran (1) , to be transporting sodium ions from the mucosal or urinary surface to the serosal or body fluid surface by an active process deriving energy from metabolic processes within the mucosal layer of cells. Histologically the tissue consists of a single layer of epithelial ceils lining its mucosal surface supported on a thin, porous basement membrane which in turn rests on a loose stroma of connective tissue containing occasional bundles of smooth muscle and capillaries. On its contramucosal surface the tissue is limited by a serosa.
Aldosterone added to the medium bathing this tissue in vitro will cause a stimulation of sodium transport (2) as shown in Fig. 1 (reprinted from reference 3). The effect comes on only after a latent period of 40-90 rain and is specific for sodium; no other ion or solute is measurably affected. The hormonal effect can be detected at concentrations of 3 X 10 -1° M and gives maximal responses at 10 -7 M (3). During the latent period the hormone binds to physiologic binding sites (4) which we know to be located in the nuclei of the epithelial cells. According to the suggestion put forward independently by Williamson (5) and by Edelrnan, Bogoroch, and Porter (6), it is thought that the hormone induces DNA-dependent RNA synthesis followed by synthesis of a specific protein or proteins which mediate the hormonal effect.
Given the synthesis of a new protein, how does such a molecule produce the hormonal effect on sodium transport? Among the possible actions of such a protein two will be considered: (a) the protein could be an enzyme providing more energy for the transport process; (b) the protein could be a permease admitting more sodium to the active transport system.
T h e stimulation of sodium transport by aldosterone is dependent upon aerobic metabolism (Fig. 2 , reprinted from reference 7). It early became clear that when depleted of its endogenous substrate, glycogen, the response of the bladder to aldosterone is entirely dependent upon added substrate. of aldosterone. T h e tissue had been depleted of endogenous substrates by incubation for some I0 hr prior to addition of pyruvate. Glucose, lactate, and oxalacetate affect transport in the presence of aldosterone similarly to pyruvate although not quite so dramatically (Fig. 4 , reprinted from reference 8) whereas acetate and intermediates of the tricarboxylic acid cycle are totally lacking in any effect ( ',,°.
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Fio~Jm~ 4. Effect of lactate and pyruvate on sodium transport with/without aldosterone. d-Aldosterone (1.25 X 10 -7 M) added to medium bathing semsal surface of portion of tissue from which sodium transport was recorded by (broken line) 6~ hr before recorded observations. Adding 5 m_M lactate produced modest stimulation of sodium transport in preparation exposed to aldosterone; 1 rnu pyruvate produced further large effect. Control tissue did not respond to addition of either substrate. reference 7). I n addition to those compounds which readily yield pyruvate, the response to which is blocked by prior treatment with oxythiamine, acetoacetate and /~-hydroxybutyrate are also effective, as shown for acetoacetate in Fig. 6 (reprinted from reference 7). Thus it appears that any compound yielding acetyl CoA will support the aldosterone induced stimulation of sodium transport. Recently it has been shown that propionate will do this also, but to a lesser degree; this indicates that the tricarboxylic acid cycle m a y be fed through succinyl CoA as well. 1 FIGURE 5. Comparison of the effects of acetate and pyruvatc on sodium transport following aldosterone, d-Aldostcrone (1.25 X l0 -7 M) was added to the medium bathing both tissues 6 hr prior to zero time.
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The fate of the acetyl CoA derived from the effective substrates is clearly to supply the energy requirements for sodium transport. Fig. 7 (reprinted from reference 10) shows the increased 14CO2 produced from pyruvate-l-14C and acetoacetate-2-1~C in the presence of aldosterone together with the rate of sodium transport. From the increment in substrate utilization and in sodium transport one calculates a ratio of 2.7 sodium ions transported per high energy phosphate bond synthesized (9) , this ratio is comparable to the value of 3.0 previously obtained from other kinds of experiments (10).
Understanding the basis of these substrate effects would seem to be at the nub of understanding the mechanism of action of the hormone. The metabolic effects could be primary and the increased transport of sodium merely a secondary consequence of the additional available energy. Conversely, as has been shown for vasopressin (10), extra sodium entering the tissue will stimulate metabolism, and, if aldosterone had an effect on the permeability of the tissue to sodium, the metabolic changes could be secondary. T h e metabolic effects noted do seem t o be secondary in that they require sodium for their occurrence. Fig. 8 (reprinted from reference 11) shows that in the absence of sodium in the mucosal bathing medium, so that there is no sodium to be transported, the expected increased metabolism of added pyruvate or acetoacetate in the presence of aldosterone is abolished. T h e absence of sodium from the mucosal medium does not prevent aldosterone from setting the stage for its usual metabolic changes since addition of sodium together with the labeled substrates reproduced the expected increase in substrate utilization in the presence of aldosterone (Fig. 9 ). These data are in accord with the hypothesis that the hormonal action is to admit more sodium to the transport mechanisms but are not by themselves conclusive. Conceivably, a primary action of the hormone to provide energy for sodium transport could result in a small increase in available energy not detectable by present techniques. Without sodium to be transported, this increase in the supply of energy for sodium transport might not be dissipated and might prevent any further increase in energy metabolism. Thus a similar dependence of the metabolic activity on the availability of sodium might appear irrespective of the primary action of the hormone in experiments such as these.
If the action of aldosterone is to provide more sodium to the active transport mechanism, then any means by which more sodium could be brought into the appropriate sites in the epithelium might be expected to reproduce the pattern of substrate requirements which are characteristic of the aldosterone effect. Recent studies with FIGU~ 8. The effect of removing all sodium from the mucosal medium on pyruvate or acetoacetate utilization in the presence of aldosterone. The hatched and stippled columns represent the rate of z4CO 2 released from pyruvate-l-z4C and acetoacetate-3A4C, respectively. In the absence of sodium transport aldosterone produces no significant differences in substrate utilization.
the polyene antibiotic amphotericin have made possible such an approach. This compound, which is known to bind sterols (12, 13) , produces a marked stimulation of sodium transport when added at low concentration to the medium bathing the mucosal surface of the bladder (14) . Since the permeability of the bladder is increased after treatment with amphotericin for all solutes tested, we have concluded that this antibiotic nonspecifically destroys the selective permeability barrier at the mucosal surface of the epithelium (14) . With this means of introducing sodium into the tissue the substrate effects were reexamined. As seen in Fig. 10 (reprinted from reference 15) amphotericin produces a large stimulation of sodium transport in the absence of aldosterone. When pyruvate was subsequently added, a stimulation of sodium transport occurred only in the portion of the tissue exposed to amphotericin. Just the same, substrates found to be effective in sustaining the stimulation of sodium transport by aldosterone also stimulate transport after amphotericin. By pretreating one portion of a substrate-depleted bladder with pyruvate or acetoacetate and subsequently adding amphotericin to both, the substrate effect can be seen to be almost instantaneous (Fig. 1 I, reprinted from reference 11). It seems most unlikely that amphotericin can initiate and consumate synthesis of protein in so short a time; furthermore, in the presence of twice the concentration of puromycin necessary to completely block the effect of aldosterone, the substrate effects following amphotericin are clearly elicited. This finding that the substrate effects so characteristic of the action of aldosterone are completely mimicked following exposure of the bladder to amphotericin, which we think makes the bladder leaky to sodium, has led us to conclude that aldosterone may stimulate sodium transport by an analagous means. By inducing synthesis of a protein which serves as a permease at the mucosal surface specific for sodium ions more sodium would have access to the transport site, and more sodium would be actively transported.
T h e sto W to this point seems to us to be consistent although clearly more direct evidence is necessary to prove that the hormonal effect is accomplished by inducing synthesis of a permease for sodium. One observation, which is currently under investigation, is quite out of accord with the above story. The observation is that in the presence of aldosterone there occurs a marked reduction in 1~CO2 liberated from glucose-l-14C.2 At the same time there is an increase in 14CO2 from glucose-6-14C which is compatible with the general increase in utilization of substrates to provide energy for the enhanced transport of sodium stimulated by aldosterone. The aspect of this observation which is out of keeping with the previous data presented is that the decrease in 14CO~ from glucose-l-14C occurs in the complete absence of sodium and hence cannot be secondary to sodium entering the tissue. 
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FIOUaE 11. The effect of substrate on sodium transport stimulated by amphotericin B in the absence of aldosterone. The tissues were incubated in the absence of aldosterone for 14 hr before zero time.
same time ocurse of onset that characterizes the effect on sodium transport and it also is abolished by treating the tissue with actinomycin. Although the pathways for glucose utilization have not yet been separated, the magnitude of the effect is such that an 80-90 % reduction in x4CO~ from glucose-l-I4C occurs; this suggests that aldosterone largely shuts down the hexose monophosphate shunt pathway for glucose oxidation. How such an effect can be related to the action of aldosterone on sodium transport, we cannot at present understand. One can, in fact, reverse the inhibition by iodoacetate of sodium transport with pyruvate ( Fig. 12 ). 1 This inhibitor should block both the hexose monophosphate and the glycolytic pathways for utilization of glucose. Protection by pyruvate of the aldosterone response upon addition of iodoacetate makes it seem that nothing in the metabolic pathways prior to formation of acetyl CoA can really have much bearing on the mechanism of action of aldosterone relative to sodium transport. Whether this might represent a glucocorticoid effect of aldosterone unrelated to sodium transport we do not yet know. This recent observa- HOURS FIOURE 12. Effect of iodoacetate on sodium transport stimulated by aldosterone in the presence of glucose or of py~vate. The fact that pTyTuvate sustains the full a]dosterone stimulation of sodium transport in the presence of sufficient iodoacetate to block the glycolytic pathway suggests that energy for this stimulation does not require glycolysis.
